Lab-on-a-chip devices require integrated pumping and fluid control in microchannels. A recently developed mechanism that can produce fluid flow is an integrated ac-electro-osmosis micropump. However, like most electrokinetic pumps, ac-electro-osmotic pumps are incapable of handling backpressure as the pumping force mechanism acts on the surface of the fluid rather than the bulk. This paper presents a novel 3D electrode structure designed to overcome this limitation. The electrodes are fabricated using carbon-MEMS technology based on the pyrolysis of the photo-patternable polymer SU-8. The novel ac-electro-osmosis micropump shows an increase in the flow velocity compared to planar electrodes.
Introduction
Lab-on-a-chip devices have the potential to revolutionize the fields of chemical and biological analysis and separation sciences. Research and development in this area have increased rapidly over the last decade, with an emphasis on applications that require pumping of fluid, often particle laden in microchannels [1, 2] . Much effort has been exerted to fabricate mechanical micropumps, such as check-valve micropumps, peristaltic micropumps, valve-less rectification micropumps, and rotary micropumps [3] .
These novel mechanical micropumps all utilize moving components to move fluids, and the long-term running of these moving parts remains a serious concern for the life time of the micropump. Often, mechanical micropumps involve mechanical actuators which translate electrical energy into mechanical work; thus, the size of the overall micropump is restricted to the size of that actuator, making them difficult to downscale. In addition, most mechanical micropumps require significant electrical energy for them to function, accompanied by significant thermal losses. Mechanical micropumps also typically feature complex multilayer structures, with many fabrication steps, and several different materials, thus increasing the fabrication time and cost of the device.
In contrast, non-mechanical micropumps have no moving parts, presenting an important advantage for long-term reliability. One example of such non-mechanical pumps is the ac-electro-osmosis (ACEO) micropump, which uses electric fields generated by a set of arrayed electrodes to induce electrokinetic pumping [4] [5] [6] [7] [8] . The latter micropump offers ease of fabrication, low driving potentials, and the simplicity of downscaling and integrating the pump with other components. It also has an advantage over dc-electro-osmotic pumps in that the driving force can be localized where required. The velocity magnitude with which ACEO pumps can deliver accurate steady fluid flows depends on the applied ac potential and frequency, fluid conductivity, and the electrode sizes and geometries [9] . Some effort has been devoted to the optimization of the maximum flow rate that these pumps can deliver [10, 11] . ACEO pumps fluid using a surface force that arises from the interaction between the electrical double layer (EDL) at the surface of the electrodes and the electric field generated by the applied ac signal [5, 6] . It is a second-order effect, as both sign of most of the charge in the double layer and the direction of the applied field change in each half cycle of the applied ac signal. The force in the fluid is generated entirely within the EDL, which, depending on the conductivity of the fluid, is only 1-30 nm in thickness compared to typical channel dimensions of 5-500 μm. As a result, when a significant back pressure is applied to the pump, there is little hydrodynamic resistance to the fluid recirculating in the channel above the electrodes and therefore producing no net flow external to the micropump. Consequently, a good pump design should have as high an internal resistance as possible to ensure that the external flow rate is maintained against as high a back pressure as possible.
In the case of an ACEO pump, the internal resistance can be increased, for example, by increasing the length of the pump as the hydrodynamic resistance depends linearly on length. However, an alternative has been demonstrated in electroosmotic pumps which use frits to create porous structures with small internal channels and simultaneously large surface areas and therefore large areas of double layer [32] . A significant improvement in pump performance is achieved both because the same volume of fluid is being moved by a much larger surface drag force and, as the hydrodynamic resistance of a pipe is inversely proportional to radius to the fourth power, the internal resistance of the whole pump is greatly increased.
This can be achieved in an ACEO pump by dividing the channel cross-section into multiple channels in parallel which, therefore, have a significantly higher resistance than a single channel of the same cross-section. Our proposed design is based on extending existing asymmetric electrode arrays vertically by incorporating high-aspect-ratio (HAR) pillar electrodes dividing up the channel. More driving surface is produced for the same volume and the internal hydrodynamic resistance is increased, leading to greater pumping efficiencies. Based on these criteria, the design uses HAR asymmetric pillar electrodes placed inside a microfluidic channel (see figure 1 ).
Fabricating HAR (>5:1) electrodes is a challenge in most standard fabrication methods. It is difficult to make HAR moulds with sufficient resolution for electroplating, particularly with dimensions of less than 20 μm. Moulds with these dimensions can be made from SU-8 but the mould is difficult to remove afterwards. It is also difficult to control the plating rate for a dense array of electrodes with a set of different sizes. Lastly, this type of processing is expensive and time consuming. Although using conductive polymer such as conductive SU-8 [12, 13] to make 3D electrodes' structures represents a plausible solution, the thickness and resolution remain a problem in addition to the difficulty of making small structures (<20 μm).
In this work, HAR structures are fabricated using Carbon-MEMS technology (C-MEMS), where polymer microstructures are pyrolyzed at high temperature with forming gas to produce conductive carbon structures [14, 15] . The application of C-MEMS to dielectrophoresis has been demonstrated previously [16] [17] [18] [19] .
The structures are biocompatible, chemically inert and easy to fabricate. This paper presents details of the fabrication process of the micropump emphasizing together with a discussion of fabrication issues. Good repeatability of the structures before and after the pyrolysis step is demonstrated. The device is packaged within an SU-8 microfluidic channel, producing an electrically active device made from pyrolyzed SU-8 and a fluidic confinement structure. Preliminary tests demonstrate the functionality of the completed device and a comparison between this device and a planar asymmetric pump is presented.
Fabrication
SU-8 photoresist was processed with an MA6 Karl Suss mask aligner with a broadband UV source. The humidity in the cleanroom was controlled to be between 45% and 55% RH. Silicon substrates were used (4 inch diameter Si wafers with 5000Å SiO 2 thermally deposited) due to the requirement for a high pyrolysis temperature (900
• C). The oxide layer is required to electrically isolate the electrodes and contacts from the underlying silicon. Since the designed dimensions of the small pillars are 10 × 10 and 20 × 20 μm 2 features, for good resolution, high quality chromium photomasks were used with a resolution of 0.25 μm. The final device design requires three masks for (I) the base electrodes, which have a dual function as both drive electrodes and connectors, (II) pillar electrode structures and (III) the microfluidic channel. However, these masks require alignment marks as a multilayer process is involved. To align two layers on top of each other unusally is a simple process; however, in order to align a third layer on top of two thick layers is a challenging process as the vision of the alignment marks through the microscope becomes blurry in some cases. Therefore to overcome this problem, two different alignment points with two different thicknesses (planar and 3D HAR) were used to align the third layer accurately. The alignment layouts for the three layers (A, B, and C) are shown in figure 2(a), where figure 2(b) shows the thicknesses of alignment marks. The '+' sign was used as the baseline for the alignment marks design as it helps to align in horizontal and vertical directions. For good alignment precision, the smallest features and gap dimensions of the alignment marks were designed to have the same size as the smallest features of the design (which is 10 μm).
In this paper, two different classes of devices were made: devices with planar electrodes only, and devices with both planar and 3D HAR electrodes. The fabrication steps were as follows.
At first, the planar and 3D HAR electrodes were optimized and combined, and then the pyrolysis step was performed followed by electrical testing. Finally, the channels were fabricated and the devices were packaged. This section details the steps and issues encountered during the fabrication process with the last sub-section summarizing the final fabrication process of the complete device.
Planar electrodes and connections
In order to reduce the cost of the fabrication and reduce the number of masks, the external electrical pads, the internal connectors and the planar electrodes inside the channel were drawn on the same mask. The optimum thickness for this layer was chosen to be 5 μm before pyrolysis.
A 5 μm layer of SU-8 5 was patterned using the parameters recommended by the SU-8 supplier Microchem [20] . Pyrolyzation was performed for 1 h at 900
• C in 95% N 2 and 5% H 2 forming gas, as described in [14] . The resulting structure is an asymmetric carbon electrode pattern with a thickness of approximately 4 μm. Figure 3 shows that the patterned planar electrodes are not flat, but curved instead due to shrinkage, which occurs during the pyrolysis process [21] . The shrinkage is due to the evaporation of the remaining developer, loss of water molecules, hydrogen molecules and all other species that can volatize at 900
• C, except for carbon, which crosslinks with itself forming the glassy carbon electrodes. The curved surface makes the fabrication of HAR pillars on top of the bumped surface in the next step a challenge. The intention was to first fabricate the planar electrodes layer, perform pyrolysis, and test the electrical conductivity before progressing to the next step. Instead it was found that the pillar layer has to be patterned on top of the flat planar SU-8 layer prior to pyrolysis of both layers at the same time.
3D HAR electrodes
The HAR conductive pillars were fabricated by patterning a thick SU-8 layer on top of the planar electrodes and converting both to carbon together. Due to the shrinkage effect during pyrolysis, the SU-8 structure reduces by up to 75%. Therefore, the patterned polymer structures need to be 3 to 4 times the final height after pyrolysis. Since the desired height of the final carbon electrodes is around 50 μm, the spun-on SU-8 layer has to be around 150 μm. The electrodes' set is a dense array with gaps of 10 μm and 20 μm and with aspect ratios greater than 7:1. The resulting pillars should be squares and rectangles with widths of less than 5 μm.
Drag effect.
Since the thickness of the HAR electrodes has to be at least 150 μm, a thick photoresist such as SU-8 100 is required. However, due to the high viscosity of SU-8 100 (51500 cSt), upon the spinning process due to generated viscous and centrifugal forces, the thin patterned layer of SU-8 5 (the planar electrodes on the bottom) was dragged and moved from its initial position, as depicted in figure 4 . If the planar electrodes are bent, this will affect the distribution of the electric field in the final application. Therefore, in order to circumvent this problem, the viscosity Figure 4 . SEM image showing SU-8 asymmetric pillars patterned on top of planar electrodes before the pyrolysis process. The circled areas show the drag effect, where the planar electrodes were dragged by the highly viscous top photoresist during the second spinning step in the photolithography process. It can be clearly seen that some of the thin electrodes and large electrodes are in contact in the red circled area; by comparison, the lower (blue) circled area shows an undisturbed pair of electrodes. of the SU-8 100 was reduced using the organic solvent gammabutyrolactone (GBL), or by using multiple coats of SU-8 50, where its viscosity is lower than SU-8 100 (12250 cSt).
Interaction of small and large bent planar electrodes

Parallel planar electrodes
T-topping and gap elimination.
The most extreme forms of HAR SU-8 structures were fabricated using the LIGA process, which relies on a monochromatic x-ray source [22] . However, using a broadband UV source, the process for making the HAR structure becomes more challenging [23, 24] , especially for a dense configuration with narrow gaps between the structures.
In this work, the process was optimized to give clear gaps with vertical resist side walls with a best aspect ratio below 5:1. For thicker layers, the absorbance of the SU-8 and the variation in exposure dose with depth results in several problems. With an exposure dose calculated for the whole thickness of the resist used, insufficient cross-linking occurs at the base of the pillars. Figure 5(a) shows a typical result. The pillars have collapsed against each other due to the lack of structural rigidity, close to the substrate. A small increase in the exposure dose leads to the appearance of the so-called T-topping, which refers to a negative shaped sidewall profile, as shown in figure  5(b) . The underlying reason is that the top part of the resist is exposed more to the UV light than the bottom part, despite the fact that the full SU-8 film is exposed for the same period of time: the absorbance of the UV-light by the SU-8 layer from the top to the bottom decreases gradually.
Increasing the UV dose further does not correct the problem, pillars are still structurally weak at the base, but now the upper part of the pillars is severely over exposed and the smaller gaps do not develop, as shown in figure 5(c) .
This problem was found to be less related to the exposure dose but rather to the spread of UV wavelengths generated. The shorter wavelength components of UV light are absorbed by the top surface layer, while the longer wavelength components penetrate further to the bottom. Longer wavelengths (i-line, g-line and h-line) with lower absorbance are used to allow high intensity of UV light to reach to the bottom part of the SU-8 layer [25] .
Therefore an SU-8 filter was used to block out wavelengths shorter than 350 nm [26] , which was made from a 100 μm thick SU-8 layer spun onto a photomask. This homemade SU-8 filter gave good results with high resolution: an aspect ratio of more than 10:1 for SU-8 structures with 
Stiction effect.
It was observed that the tops of post pairs were stuck together, as shown in figure 6 . Initially it was thought that this was due to the aggressive agitation during the development step; however, it turned out to be a stiction effect [27] . During the development process, the developer solution rises between the walls of each pair of the pillars as a result of the capillary forces during the solvent evaporation. As this occurs, and just before droplets of the developer evaporate, it brings the two pillars' heads together because the pillars are high enough and so are very sensitive to any motion from the top. They could not withstand the capillary forces as the surface tension of the developer was high enough to bend them. The pillars' heads were then stuck firmly together.
In order to work out this problem, a dry release process can be used [28] [29] [30] . However, it requires a special setup; therefore a wet release similar to [31] was applied. After the development steps, immediately, the wafer was immersed for 2 min in an isopropanol container and then for another 2 min in methanol to ensure that the pattern was filled with methanol to replace both SU-8 developer and isopropanol. Methanol has low surface tension compared to the developer solution and prevents stiction [31] .
Combination of planar electrodes and 3D electrodes
When the SU-8 50 layer was deposited on top of the patterned SU-8 5 layer, the alignment marks became invisible, as both photoresists have the same refractive index. To solve this problem, coloured SU-8 can be used, or the alignment marks can be covered by tape before spinning on the SU-8. The tape is then removed immediately after the softbake step to allow the alignment and UV-exposure process.
Using this technique, an array of HAR electrodes was successfully patterned on top of an asymmetric set of planar electrodes. Both layers were pyrolyzed to create conductive carbon post electrodes on top of planar electrodes and contacts. Shrinkage during the pyrolysis step is clearly seen in figure 7 , where the initial dimensions of the SU-8 structure were isotropically reduced. A uniform structure was obtained with smooth surfaces, as shown in figure 7(a) . A final aspect ratio of more than 12:1 for 4×4 μm 2 and 4×20 μm 2 electrodes and a gap of less than 20 μm were achieved ( figure 7(b) ). The finished device is shown in figure 8 .
Electrical inspection
After the pyrolysis process, the electrical resistance between the wide and the narrow electrodes was measured. This should be larger than 2 M but was found to be between 13.8 k and 2 M , as shown by the bar chart in figure 9 . This short circuit is due to the carbon residue between the narrow and wide electrodes (see figure 9) , from the pyrolysis of unavoidable remaining traces of SU-8 that were not removed.
This carbon could not be prevented by increasing the developing time or by rinsing the wafer with the SU-8 developer. This layer was absorbed by the oxide layer, 4 -4 .9 5 -5 .9 6 -6 .9 7 -7 .9 8 -8 .9 9 -9 .9 1 0 -1 9 .9 2 0 -2 9 .9 3 0 -3 9 .9 4 0 -4 9 .9 5 0 -5 9 .9 6 0 -6 9 .9 7 0 -7 9 .9 8 0 -8 9 .9 9 0 -9 9 .9 1 0 0 -1 9 9 .9 2 0 0 -2 9 9 .9 3 0 0 -3 9 9 . which acts as a sponge. It is also possible that the carbon contaminated furnace deposits a thin layer of carbon between the electrodes during the pyrolysis process. This carbon layer was removed using a slow O 2 plasma etch. While this step is unavoidable, it has the negative effect of roughening the surface of the electrodes, which may reduce the fluid velocity. The improvement in the impedance for a wide range of resistance is shown in table 1.
Channel fabrication
The last stage is patterning of the microfluidic channel. An oval channel with a width of 500 μm, a thickness of 50 μm and a length of around 7 mm was fabricated by patterning SU- 8 25 over the top of the electrode array. The 3D HAR electrodes were robust enough to withstand this fabrication step without breaking, bending, or peeling off, as shown in figure 10.
Device testing
For proof of the concept and in order to test the functionality of the device, a low conductivity solution of 0.1 mM of phosphate buffered saline (PBS) from Oxoid (Unipath Ltd, Basingstoke, UK) was prepared, and then mixed with 2 μm fluorescent latex beads and injected into the channel. Two designs were used:
(1) a planar array with dimensions: gap/electrode/gap/ electrode of 60:60:20:20 μm (2) a 3D array with the same dimensions of gaps and electrodes, with 50 μm high pillars spaced at 74 μm along the electrode (across the channel).
At a fixed frequency of 1 kHz and a voltage varying between 1 V pp and 19 V pp , preliminarily results indicate that this C-MEMS ACEO pump technology is able to generate fluid flow.
For the 2D device, a slight reverse pumping was noticed at low voltages in contrast to the 3D device. A maximum fluid flow velocity of 22.6 μm s −1 was achieved at 19 V pp for the planar electrode configuration (see figure 11(a) ). However, the 3D micropump had a velocity five times higher of approximately 120 μm s −1 at 19 V pp for the same frequency of 1 kHz (see figure 11(b) ). This increase in the fluid flow velocity was due the increase in the surface of the electrodes, which in turn increases the EDL surface and hence increases the ACEO pumping. Additional improvement of the fluid velocity would be achievable by optimizing the dimensions of the electrodes.
Conclusion
In this paper, C-MEMS technology was used to construct 3D high-aspect-ratio pillar electrodes for a novel ac-electroosmotic micropump. The device was constructed solely from SU-8 photoresist, including the connectors, planar electrodes, the HAR pillars, and the channel using the standard UVphotolithography process. Finally, tests indicate that firstly C-MEMS structures are capable of generating fluid flow. Secondly, the device with HAR electrodes pumped fluid with a velocity five times greater than a similar 2D design.
